Introduction
. RGD sequences active in intermolecular interactions have subsequently been found in numerous Fibronectin (FN) is a dimeric glycoprotein composed proteins and mediate a wide variety of cell adhesion of disulfide-linked subunits with a molecular weight of events (Ruoslahti and Pierschbacher, 1987) . The ability 220-250 kDa each. FN is a prominent component of of small RGD-containing peptides to modulate interacextracellular matrices and is present at high concentrations involved in processes such as thrombosis, inflamtions ‫003ف(‬ g/ml) in plasma. FN interacts with collagen, mation, and tumor metastasis has led to the investigaheparin, fibrin, and cell-surface receptors of the integrin tion of RGD peptides and RGD peptide analogs as family and has been shown to be involved in cell adhepotential therapeutic agents. While the RGD sequence sion, cell morphology, thrombosis, cell migration, and is an important component of interactions between FN embryonic differentiation (Hynes, 1990) . The amino acid and integrins, additional residues in the ninth type III sequence of FN revealed it to be a modular protein domain, the so-called synergy region, of FN have also composed of homologous repeats of three prototypical been implicated in this interaction (Aota et al., 1991 , types of domains known as types I, II, and III (Petersen 1994; Bowditch et al., 1991 Bowditch et al., , 1994 . The RGD loop in the et Kornblihht et al., 1985) . Electron microtenth type III domain of FN is near the N-terminus of graphs of FN show it to be an extended molecule, sugthis domain (Main et al., 1992; Dickinson et al., 1994) , gesting that the repeated sequence motifs represent and interactions with regions of domain 9 may stabilize independently folded modules arranged as "beads on a particular conformation of the RGD loop or provide a a string" (Engel et al., 1981; Erickson et al., 1981) . Strucspecific context that allows recognition by some inteture determinations of isolated domains with homology grins and not others. to the FN modules have confirmed that the repeats idenWe undertook an X-ray crystallographic study of a tified in the amino acid sequence of FN are indeed indefragment of human FN encompassing the seventh pendently folded domains (Potts and Campbell, 1994) .
through the RGD-containing tenth type III repeats (FN7-FN type III (FN-III) repeats are both the largest and the 10) to enable visualization of a complete integrin-binding most common of the FN subdomains. Each monomer of site and provide insight into the structural arrangement FN contains a contiguous array of 15-17 of these ‫09ف‬ of repeated type III domains. We report here the crystal amino acid domains, depending on variations in RNA structure of FN7-10, refined with data extending to 2.0 splicing (Tamkun et al., 1984; Kornblihht et al., 1985) . Domains homologous to FN-III repeats have been found Å Bragg spacing. is also less certain. Data collection results, refinement statistics, and stereochemical parameters of the final FN7-10 model are shown in Tables 1-3 .
Results

Overall Structure
The structure of FN7-10 reveals four contiguous FN-III Structure Determination modules in an extended array with a long axis of ‫041ف‬ Å . Determination of the FN7-10 crystal structure was aided A ribbon diagram and C␣ backbone trace of the FN7-10 by the introduction of potential anomalous scattering structure are shown in Figure 1 along with a schematic sites by site-directed mutagenesis (Leahy et al., 1994) .
diagram of an individual FN-III domain. Table 4 shows Molecular replacement and isomorphous replacement the relative rotations required to superimpose adjacent techniques failed to produce a solution of the FN7-10 domains, the angles made by the long axes of adjacent structure, and the single methionine in domain 8 of the domains (the "tilt" angle), and the solvent-accessible 368 amino acid FN7-10 is insufficient to allow multiplesurface area buried between domains for FN7-10. Valwavelength anomalous diffraction (MAD) phasing techues for comparable repeated domains from neuroglian niques to be employed with selenomethionyl-substi- (Huber et al., 1994) , CD2 (Jones et al., 1992) , and CD4 tuted (SeMet) FN7-10 protein (Hendrickson et al., 1990; (Ryu et al., 1990; Wang et al., 1990) are also shown. A Hendrickson, 1991). A hydrophobic core residue in each near twofold rotation axis relates domain 8 and 9. This of domains 7, 9, and 10 was thus mutated to methionine relationship is similar to those between the domain pairs to provide additional sites for substitution with selenoin neuroglian, CD2, and CD4. The rotation between domethionine. This mutant protein (FN7-10/M) behaved mains 7 and 8 is substantially less (112Њ), and the rotation identically to native FN7-10 throughout purification and between domains 9 and 10 is only 43Њ. The tilt angles crystallization, although the unit cell dimensions of between domains 7 and 8 (52Њ) and 8 and 9 (48Њ) are FN7-10/M crystals differed by up to 5% relative to the comparable to the tilt angles seen between domains in native FN7-10 cell constants.
neuroglian, CD2, and CD4 (46Њ-62Њ), but domains 9 and Growth of SeMet FN7-10/M crystals that diffracted 10 are arranged in an almost linear fashion (12Њ tilt angle). well proved difficult, however. Suitable crystals were
The small rotation and tilt angles relating domains 9 and only obtained when crystallization trials were carried 10 makes this region of FN7-10 approximately cylindriout in an anaerobic chamber with protein purified in cal, while the combined tilts and rotations relating dodegassed buffers containing reducing agents (Wu et al., mains 7 through 9 result in a slight overall spiral for this 1994). Use of freshly purified protein also resulted in region of FN7-10. improved crystal quality. MAD phasing of SeMet
The interdomain interfaces in FN7-10 are largely com-FN7-10/M crystals grown in these conditions proceeded posed of residues from loops at the N-and C-terminal smoothly, and a partially refined FN7-10/M structure was used to solve the native FN7-10 structure by molecular replacement methods. No significant differences for the other domains (see Table 3 ), and the electron A subset of the data (5%) was excluded from refinement and used density for loop residues 1153-1159, 1182-1189, and for the free R value calculation (Brü nger, 1992a (Brü nger, , 1992b main chain is likely to be generally correct. The electron ends of each domain, but the widely varying rotations sequence in the E-F loop makes different interdomain contacts at each interdomain interface in FN7-10, and relating adjacent domains result in different interdomain contacts at each interface. Residues making contacts the conservation of these residues is likely due to their participation in a conserved turn structure rather than to a contiguous C-terminal domain occur on the A-B and E-F loops, while contacts to a contiguous N-terminal their influence on interdomain relationships. With the exception of the RGD loop in domain 10, superposition domain are found on the B-C loop (domain 9) or the F-G loop (domain 8). Residues making contact at each of the individual FN-III domains in FN7-10 and the Xray structure of the isolated tenth type III domain of FN interface are indicated in Figure 2 , and the position of these loops is shown schematically in Figure 1C . Both (Dickinson et al., 1994 ) reveals very little variation in the structure of homologous loops at different interfaces. hydrophobic and hydrophilic contacts are found, and none of the amino acids in these loops, with the excepAs shown in Table 4 , the amount of solvent-accessible surface area buried at the interface between domains tion of the Pro-Gly sequence in the E-F loop, is highly conserved in the type III repeats of FN. The Pro-Gly 7 and 8 and 8 and 9 is comparable to that buried at The rotation required to superimpose adjacent domains, tilt angles between the long axes of adjacent domains, and the surface area buried between these domains is shown for each of the interfaces in FN7-10 and comparable interfaces in CD2 (Jones et al., 1992) , CD4 (Ryu et al., 1990; Wang et al., 1990) , and neuroglian (Huber et al., 1994) . See Experimental Procedures for a description of the tilt angle.
interdomain interfaces in CD2 and CD4, and somewhat less than that between the neuroglian domains. The surface area buried between domains 9 and 10, however, is notably small by comparison. This interdomain feature can be seen in Figure 3 , where a cleft is visible separating domain 9 and 10, while no such cleft is seen between domain 7 and 8 or 8 and 9. The interface between the neuroglian domains contains a sodium ion (Huber et al., 1994) , but no metal ions were found in FN7-10.
Individual FN-III Domains
The individual FN-III domains in FN7-10 are very similar to each other and to the structures of previously solved FN-III domains. Each domain consists of two ␤ sheets, one of four strands (G, F, C, and CЈ) and one of three strands (A, B, and E), arranged as a ␤ sandwich (see Figure 1C ). An alignment of the amino acid sequences fractional solvent accessibility of each amino acid position are also indicated in this alignment. Sequence similarity and root-mean-square (rms) C␣ differences following superposition for each of the domains in FN7-10 as well as FN-III domains from tenascin (Leahy et al., 1992) , neuroglian (Huber et al., 1994) , human growth hormone receptor (DeVos et al., 1992) , and the X-ray (Dickinson et al., 1994) and nuclear magnetic resonance (NMR) (Main et al., 1992) structures of the isolated tenth type Table 5 . Although the seEvery tenth residue is indicated with a dot. The ␤ strands as deterquence similarity for these domains is often at or below mined by the algorithm of Kabsch and Sander (1983) as implemented levels allowing a conclusive determination of structural in PROCHECK (Laskowski et al., 1993) are enclosed in boxes. The relatedness (15%-25%; Doolittle, 1986) , all of these RGD loop and the synergy region are shown in bold with white structures superimpose well. Even at these low levels letters on a black background. Residues that make contacts with residues in a C-terminal domain are underlined, and those making of sequence identity, the structural similarity generally contacts with residues in an N-terminal domain are shown in bold.
follows the sequence similarity and shows that the FN-
The residues with atypical features at the interface of domains 9
III domain from tenascin is as closely related to the and to the FN domains. The major differences between NGfn2; Huber et al., 1994) , and the third FN-III domain from tenascin (TNfn3; Leahy et al., 1992) are shown in the upper triangle. The 40-residue positions identified as ␤ strand in each of the FN-III domains in FN7-10 (see Figure 2) were used in the superposition. A superposition of the X-ray (Dickinson et al., 1994) and NMR (Main et al., 1992) of this hydrogen bond in the FN7-10 RGD loop contrasts with the RGD loop in the third FN-III domain from tenasSmaller structural elements are also highly conserved among the FN-III domains or subsets of these domains cin, in which this hydrogen bond is made (Leahy et al., 1992) . and thus likely to contribute to optimal functioning of these domains. All of the domains listed in Table 5 have a ␤ bulge of the "wide" type (Chan et al., 1993) at the Discussion beginning of the A strand immediately following a highly conserved proline residue. This conserved prolyl side
We have determined the high resolution crystal structure chain is buried and contacts a conserved tryptophan of a fragment of human FN encompassing the seventh side chain from strand B. With the possible exception through the RGD-containing tenth type III repeats. This of domain 7, in which this region is not well-ordered, A structure reveals an extended RGD loop and the relation strands in the FN and tenascin domains also end with of this loop to the synergy region. In addition, apparently a conserved wide-type ␤ bulge immediately prior to a subtle differences in amino acid sequence result in surhairpin turn connecting the A and B strands. Also noteprisingly different rotations and tilts relating adjacent worthy is a conserved serine residue in strand G whose FN-III domains. side chain is buried and makes hydrogen bonds to the carbonyl oxygen atom of the succeeding residue and Interdomain Relationships the amide nitrogen atom of a residue from the adjacent As individual FN-III domains share a highly conserved F strand. As noted by Huber et al. (1994) , this structure framework structure (DeVos et al., 1992; Leahy et al., can be thought of as a turn of nonideal polyproline II helix 1992; Main et al., 1992; Huber et al., 1994) , the key to a and is extended in the neuroglian domain structures. The molecular understanding of many of the properties of side chain of a conserved threonine residue found at repeated arrays of FN-III domains will be understanding the C-terminus of the FN and tenascin domains is also interdomain relationships. Several groups have postuburied and makes hydrogen bonds to the main chain of lated a pseudotwofold relationship between adjacent residues in the E-F connection that may serve to stabidomains (Leahy et al., 1992; Bowditch et al., 1994) , and lize this structure at the C-terminal domain interface.
such a relationship was observed in a structure of tandem repeats of FN-III domains from neuroglian (Huber et al., 1994) . As seen in Table 4 , however, of the three RGD Structure The RGD sequence in domain 10 that has been shown interdomain interfaces in FN7-10, only that of domains 8 and 9 approximates a twofold. to be an important component of cell adhesion reactions is well-ordered in this crystal. The RGD is found on an Examination of each interdomain interface in FN7-10 reveals no general rules relating the orientations beextended ␤ hairpin-like loop that makes no contacts with other regions of the FN molecule (see Figures 1 tween adjacent domains, but the interface between domains 9 and 10 is unmistakably distinctive. The relative and 3), although it does participate in a crystal lattice contact as shown in Figure 4 . The main-chain torsion rotation, amount of buried surface area, and tilt angle are notably smaller than all other known FN-III interfaces angles of Gly-1494 and Asp-1495 ([80Њ, Ϫ164Њ] and [Ϫ75Њ, Ϫ24Њ], respectively) suggest that the loop can be (see Table 4 ). Comparison of main-chain torsion angles at interdomain boundaries in FN7-10 reveals that the thought of as a distorted type IIЈ turn (Richardson, 1981) .
principal source of the relatively small rotation relating domains 9 and 10 is an atypical torsion angle at the N-terminus of domain 10. The main-chain torsion angles within three residues of interdomain boundaries in FN7-10 are uniformly in the ␤ region of a Ramachandran plot with the exception of Asp-1418 at the 9/10 interface with (, ) values of (-97Њ, 9Њ). This value differs by 122Њ and 143Њ from the value at the homologous positions at the 7/8 and 8/9 interfaces, respectively, and results in a shift of approximately this order of magnitude in the rotation relating domains 9 and 10. The large shift in the relative orientation of domain 9 and 10 results in the side chain of the residue preceding Asp-1418 (Ser-1417) becoming exposed to solvent. At the 7/8 and 8/9 interfaces, the residues in positions homologous to Ser-1417 are hydrophobic and completely buried at the interdomain interface. With the exceptions of the first and tenth type III repeats of FN, all residues in FN at positions homologous to Ser-1417 are hydrophobic, suggesting that the interdomain orientations in FN are likely to be more similar to the relative orientations seen between domains 7/8 and 8/9 and bury the side chain at this position at the interdomain interface.
The interface between domains 7 and 8 also possesses a unique feature, an insertion of two amino acids in the A-B loop of domain 7. This insertion undoubtedly influences the relative orientation of domains 7 and 8, but the A-B loop in domain 7 is not well-ordered in the FN7-10 structure and the specific effects of this insertion are difficult to evaluate. The EIIIB FN-III domain is inserted between domains 7 and 8 in splice variants of FN, and the atypical A-B loop of domain 7 may also influence the relationship of domain 7 with the EIIIB domain. The interface between domains 8 and 9 thus appears to be the best template for modeling other domain relationships in FN, but the demonstrated variability of interdomain relationships in FN7-10 and the apparent ability of small sequence differences to effect significant structural differences suggest that more structural information is needed to assess this hypothesis.
The unusually small rotation relating domains 9 and 10 places the RGD loop from domain 10 and the synergy region of domain 9 on the same surface of the FN molecule (see Figure 3) . Although the RGD loop and the synergy region are separated by 30-40 Å , a single integrin molecule could span this dimension and interact simultaneously with both the RGD loop and the synergy region. A scale model of an integrin interacting with an FN molecule is shown in Figure 5 . The small rotation relating domains 9 and 10 is no doubt required for a maximal interaction between FN and an integrin, and the uniqueness of this relationship almost certainly adds additional specificity to this interaction by providing a (Carrell et al., 1985) . The NMR structure of type I domains 4 and 5 (Williams et al., 1994) was used to generate the type I domains, and the NMR structure of a domain with homology to type II FN repeats (Constantine et al., 1992 ) was used to generate the type II domains. The FN7-10 structure is used to represent itself, while the other type III domains are modeled with domains 8 and 9 of FN7-10 and their relative orientation. The type I domains are colored dark blue, the type II domains are colored red, and the type III domains are colored green with the exception of domains 7 through 10 that are colored light blue. The cell-binding RGD loop is colored red. Ligand-binding sites that have been mapped to specific segments of FN are labeled (Hynes, 1990) , and sites of inserted domains in splice variants of FN are indicated by the labels A, B, and V. The two cysteines involved in interdomain dimerization are indicated schematically at the C-terminus. The juxtaposition of scaled integrin and FN molecules emphasizes the very large size of the integrin relative to the FN-III domains and illustrates that a single integrin can easily span the RGD and synergy regions.
constellation of contacts not easily mimicked or reproconformation in high salt (Erickson and Carrell, 1983; Rocco et al., 1983; Lai et al., 1993) . Even in the extended duced by other pairs of FN-III domains.
The relative rigidity or flexibility of repeated FN-III doconformation, a number of bend points are seen in electron micrographs (Engel et al., 1981; Erickson et al. , mains is also likely to be an important component of FN structure. While a crystal structure generally gives little 1981). Electron micrographs of FN in the compact conformation (Erickson and Carrell, 1983) showed strands global information about the dynamic properties of a molecule, considerable overall rigidity of FN7-10 seems folded back upon themselves, apparently owing to an increased number of bends or increased bend angles indicated by its ability to form well-ordered crystals.
Comparison of the amount of surface area buried at (or both). It was unclear whether bending was possible between every pair of FN-III domains, or was limited to interdomain interfaces in FN7-10 and similar tethered domains also suggests relatively rigid domain relationa few specific hinge regions. The present study suggests that a small number of hinges, with weaker interdomain ships for at least the 7/8 and 8/9 interfaces (see Table  4 ). While the neuroglian domains contain a sodium ion interfaces like that seen between domains 9 and 10, might be dispersed between relatively rigid segments. at their interface and are thus less appropriate for comparison, the amount of surface area buried between
Bending at these few hinges could account for the folding of FN into the compact conformation. domains in CD4 and CD2 is comparable to or less than that buried at the 7/8 and 8/9 interfaces in FN7-10. The Litvinovich and Ingham (1995) proposed, on the basis of calorimetric measurements, that there may be a direct D1/D2 interface of CD4 domains is thought to be quite rigid, as the same interdomain relationship has been interaction between domains 7 and 9. Direct contact between these domains would require 90Њ bends at both observed in multiple crystal forms (Ryu et al., 1994) . The CD2 domains contain an insertion of four amino acids the 7/8 and 8/9 interfaces. These interfaces appear to be the most rigid interfaces in FN7-10, however, and at their interdomain boundary relative to CD4 D1/D2 and bury less surface area, and two independent CD2 this large deviation from the crystal structure seems unlikely. molecules in the crystallographic asymmetric unit differed by 7Њ in the relative orientation of adjacent domains (Jones et al., 1992) . CD2 is thus thought to be more
RGD Structure
The cell-binding RGD loop of domain 10 is well-ordered flexible and sustain flexion of 7Њ or greater in solution.
The amount of surface area buried between domains in the FN7-10 structure and is shown in Figure 4A . As can be seen in Figures 1 and 3 , the RGD loop extends 9 and 10 in FN7-10 (330 Å 2 ) is lower than that buried between the CD2 domains and is significantly lower than ‫01ف‬ Å away from the body of the FN7-10 molecule with no close contacts to any other part of FN7-10. The that buried between all other known FN-III domain pairs. While the 9/10 interface is thus likely to be more flexible visualization of this extended and isolated loop provides a satisfying context for understanding how small RGDthan even the CD2 domains, the juxtaposition of the RGD loop and the synergy region in the FN7-10 structure containing peptides are able to block interactions between FN and cells. The RGD loop in FN7-10 is stabilized suggests that the observed orientation must be close to the orientation recognized by integrins. The RGD loop by a crystal lattice contact as shown in Figure 4B . Since the RGD loop is disordered in the structure of isolated and synergy region are recognized by at least two different integrins (Aota et al., 1994; Bowditch et al., 1994) , domain 10 from FN as determined by both NMR (Main et al., 1992) and X-ray crystallography (Dickinson et al., and some flexibility at the 9/10 interface may be important in maximizing these interactions. Regardless of the 1994), the RGD loop structure seen here most likely represents a low energy conformer of an otherwise flexiinherent rigidity or flexibility of the 9/10 domain pair, the smaller interface between these domains suggests that ble loop (Kossiakoff et al., 1992) . Many features of this RGD structure are likely to be this junction will deform more easily in response to stress. FN undergoes a dramatic change from a comrelevant to its cell-binding function. The FN7-10 RGD has the characteristics of a slightly deformed type IIЈ ␤ pact conformation at low ionic strength to an extended hairpin turn (Richardson, 1981) . Type IIЈ turns typically seen in any of the other FN-III domains in FN or tenascin and appears to be an adaptation necessary to project require glycine in the second position as the canonical the RGD for optimal interaction with an integrin. (, ) values for this position (60, Ϫ120) are energetically unfavorable for nonglycine amino acids. The RGD gly-
Experimental Procedures
cine may thus be in part conserved to allow an appropriate turn at this position. In addition to the present Expression and Purification study, three X-ray structures have been reported for The region of a human FN cDNA (Kornblihht et al., 1985) encoding proteins containing RGD sequences that are active in the seventh through the tenth type III repeats (Pro-1142 to Thr-1509 cell adhesion. In all cases, the RGD forms a type IIЈ ␤ was amplified by PCR, subcloned into the pET11b expression vector turn with overall structure similar to that observed in (Studier et al., 1990) , and expressed and purified as described previously (Aukhil et al., 1993; Leahy et al., 1994) . The DNA sequence FN7-10. One is an FN-III domain from tenascin that has of this fragment was determined and found to contain mutations an RGD sequence in its F-G loop in a position homoloresulting in amino acid changes at two positions. These mutations gous to the RGD in domain 10 of FN (Leahy et al., 1992) .
were corrected to the native sequence by site-directed mutagenesis Second is the leech disintegrin decorsin that has an (Kunkel et al., 1987) .
RGD loop projecting from a hirudin-like structure (Krezel SeMet protein was prepared as described previously (Leahy et al., activities of cyclic RGD peptides (Pierschbacher and 1994) , with the exception that degassed buffers were used during Ruoslahti, 1987) The anti-integrin activity of these toxins is consistent, fers throughout purification, the presence of reducing agents, and however, with a type IIЈ-like turn confomation being the use of an anaerobic chamber during setup of the hanging drops easily accessible for these loops. The structures of many (Wu et al., 1994) . FN7-10 and FN7-10/M crystallize in space group small RGD-containing peptides and peptide analogs tions have also been investigated (Gurrath et al., 1992; Craig et al., 1995) . While many of these compounds lengths from a single SeMet FN7-10/M crystal. 2.5Њ oscillations at A striking feature of the RGD loop of FN7-10 is the and plus 180Њ were collected with no overlap for each oscillation distance it projects from the core of the molecule. The range at each wavelength. All diffraction images were processed with the program DENZO and scaled with the program SCALEPACK homologous RGD loop in tenascin mediates strong ad- (Otwinowski, 1993) . <Iϩ> and <IϪ> were used for MAD phase deterhesion of endothelial cells when it is exposed as the mination, and partially recorded reflections were used in all cases. N-terminal domain, but adhesion was substantially Diffraction data from different wavelengths were scaled with the weakened when the domain was incorporated into a program WVLSCL, and FAs and optimal fЈ and fЈЈ were calculated larger, multidomain segment tending the RGD an additional ‫7ف‬ Å from the core of (Leahy et al., 1992) was easily placed at four positions in the resulting MAD-phased electron density maps, and these positions lined up the FN molecule. This extension of the RGD loop is not
